Chiral light-matter interactions have been investigated for two centuries, leading to the discovery of many chiroptical processes used for discrimination of enantiomers. Whereas most chiroptical effects result from a response of bound electrons, photoionization can produce much stronger chiral signals that manifest as asymmetries in the angular distribution of the photoelectrons along the light-propagation axis. We implemented selfreferenced attosecond photoelectron interferometry to measure the temporal profile of the forward and backward electron wave packets emitted upon photoionization of camphor by circularly polarized laser pulses. We measured a delay between electrons ejected forward and backward, which depends on the ejection angle and reaches 24 attoseconds. The asymmetric temporal shape of electron wave packets emitted through an autoionizing state further reveals the chiral character of strongly correlated electronic dynamics.
B
olts and nuts are among the most common chiral objects in our macroscopic world. Their chiral nature is used to convert rotation to directional translation: Rotating the nut on a bolt induces its translation forward or backward, depending on the rotation direction. A very similar effect occurs in the microscopic world when enantiopure chiral molecules are photoionized by circularly polarized radiation (1) . The ejected photoelectrons tend to go forward or backward relative to the lightpropagation axis, depending on the helicity of the ionizing light and the handedness of the molecules (2, 3) . As a result, the photoelectron angular distribution shows an asymmetry, called photoelectron circular dichroism (PECD). PECD is one of the most sensitive probes of static (4) and dynamical (5, 6) molecular chirality, producing signals that are up to two orders of magnitude larger than most circular dichroisms. From a classical point of view, PECD can be seen as the result of the combined action of the chiral molecular potential and the circular ionizing electric field on the outgoing electron trajectories (7) . Quantum mechanically, it arises from the interference between partial waves of different parity constituting the outgoing photoelectron wave packet (1) . Both interpretations show that subtle differences in the ionization dynamics can have substantial consequences. Thus, PECD has been proposed as a possible hypothesis to explain the homochirality of terrestrial life (8) : The asymmetric electron ejection induces an asymmetric recoil of the ions, which can lead to enantiomeric separation when accumulated over hundreds of millions of years (9) .
Photoionization was considered to be instantaneous from an experimental point of view until attosecond technology made it possible to measure the underlying ultrafast electron dynamics. Delays of a few attoseconds were measured between electrons originating from different atomic orbitals (10) , from distinct bands of a solid (11) , associated with different vibrational states of a molecular ion (12) , or from differing spin-orbit states (13) . The direction of the electron emission also influences the photoionization dynamics: Delays have been observed between electrons ejected at different angles (14) (15) (16) or from different sides of an asymmetric molecule (17, 18) .
The photoionization process involves more complicated dynamics when autoionization occurs. In that case, the photoabsorption promotes the system into a metastable bound state coupled to equienergetic continuum states through configuration interaction. This coupling leads to autoionization of the metastable state. The interference of direct and indirect photoionization channels produces characteristic (Fano) spectral profiles (19) associated with complex temporal dynamics. Recent pioneering attosecond experiments in rare gases have shown the possibility of measuring the buildup of Fano lineshapes in the temporal domain (20) as well as the spectral phase across the resonance (21, 22) , allowing the reconstruction of the temporal profile of the electron wave packet (22) .
In this study, we aimed to determine whether or not the electrons ejected forward and backward from a sample of randomly oriented enantiopure chiral molecules were temporally synchronized. Answering this question, for both direct (Fig. 1 , A and C) and indirect ( Fig. 1 , B and D) photoionization pathways, is a challenging task. Up to now, attosecond-delay measurements in the gas phase have been conducted on rare gas atoms or di-and triatomic molecules, which were used as benchmark systems. These experiments have revealed a strong influence of the weak probe field on the outcome of the measurement. It is thus necessary to perform accurate theoretical calculations to calibrate these measurementinduced delays (10, 23) . Such theoretical calculations for large and low-symmetry chiral molecules [e.g., camphor (C 10 H 16 O)] are currently far from reach.
To directly access the delays between forward and backward electron emission, without any measurement-induced effects, we implemented a self-referenced photoelectron interferometry technique using photoionization by two phaselocked laser fields to detect differential attosecond photoionization delays with a resolution of 2 as. By independently controlling the chirality of the ionizing and probe light pulses, we fully decoupled the intrinsic photoionization delays from the measurement-induced delays.
Photoelectron interferometry
When an intense femtosecond laser pulse ionizes an atom or a molecule, multiple photons can be absorbed above the ionization threshold [abovethreshold ionization (ATI)]. In the spectral domain, ATI produces a comb of photoelectron peaks separated by the laser photon energy (24) . Each peak is characterized by a spectral width dw, and the overall ATI spectrum extends over a width Dw. In the time domain, the ATI process leads to the emission of attosecond electron bursts (Fig. 1 , A to C) of duration dt, which form a train. The overall duration of the train Dt is set by the laser pulse duration, typically a few tens of femtoseconds. The ATI emission can last longer if an autoionizing state is populated: The lifetime of the autoionizing state increases the electron wave packet duration (Fig. 1, B to D) . Characterizing the temporal dynamics of the ionization process requires measuring the process on two time scales (dt and Dt). The femtosecond structure of the wave packet is encoded in the spectral intensity and phase within the bandwidth of each ATI peak: Dt is related to dw. On the other hand, the attosecond substructures are encoded in the relative amplitude and phase between the different ATI peaks: dt is associated with Dw. Thus, to obtain a complete picture of the temporal dynamics of the ionization process, it is necessary to measure the spectral phase of the ATI peaks, both within their bandwidth (dw) and from one peak to the next (Dw). This is possible with the use of photoelectron interferometry (22, 25, 26) .
We first present the basic concepts of photoelectron interferometry and highlight the rich spectroscopic information that it provides about the ionized target. For now, we are leaving aside the chiral character of the experiment (by integrating over the photoelectron ejection angles). The principle of the measurement is described in Fig. 2 . The target molecule we chose was camphor, a bicyclic ketone which has been extensively studied in PECD experiments performed in single-photon (1, 27) , multiphoton (28, 29) , and ATI regimes (30) . Camphor has a first ionization potential of 8.76 eV and Rydberg states starting around 6.2 eV: It is ionized by 2 + n resonance-enhanced multiphoton transitions when using a 400-nm ultraviolet (UV) field, with n being the order of the ATI peak. In the presence of a weak infrared (IR) 800-nm field (frequency w), new peaks, called sidebands, appear between the ATI comb. Two quantum paths lead to the same sideband: addition of an IR photon to ATI peak n or subtraction of one IR photon from ATI peak n + 1. These two paths interfere, and the sideband amplitude oscillates as a function of the relative delay between the UV and IR fields, at 2w frequency (26, 31, 32) . The phase of the sideband oscillations encodes the relative phase between the two neighboring ATI peaks and, thus, the temporal properties of the photoemission process.
The photoelectrons were collected by a velocitymap imaging (VMI) spectrometer, which measures the angle-resolved photoelectron spectrum (Fig. 2, A and B) . The superposition of 800-and 400-nm pulses produces an electric field that is stronger in the upper or lower direction, depending on the relative delay between the two fields. As a consequence, the electrons ejected up and down are modulated in opposite phases (26, 33) ( Fig. 2B) . We measured the sideband phase independently on the angularly integrated upper and lower halves of the photoelectron image and averaged the phase obtained from the upper half with the p-shifted phase obtained from the lower half. More details about the experimental setup, raw VMI images and their inversion (34) , as well as data analysis are provided in the supplementary materials (SM). Figure 2D shows the sideband oscillation phase ϕ 2w as a function of the photoelectron kinetic energy E. The first sideband (SB1), which encodes the phase difference between ATI peaks one and two, presents an abrupt p-phase jump around 1.9 eV. This is the signature of a resonance associated with one or the other of the two contributing ATI peaks. The second and third sidebands, which are built, respectively, upon ATI peaks two Beaulieu The blue lines represent the angularly integrated spectrally resolved 2w-oscillation phases for each sideband, and the red dots denote the spectrally averaged 2w-oscillation phases for nonresonant SB2 and SB3. ϕ 2w (E), energy-resolved sideband oscillation phase; ϕ 2w ( E), energy-integrated sideband oscillation phase; PES, photoelectron spectrum.
and three and peaks three and four, have a smooth phase variation across their bandwidth (i.e., without any trace of resonance). We can thus conclude that the resonance occurs in the formation of the first ATI peak (ATI1) and does not propagate to the higher ATI peaks, as confirmed by theoretical calculations of resonant photoelectron interferometry presented in the SM. We proceeded to investigate the chiral (enantiospecific) photoionization dynamics in the two different regimes identified above: direct attosecond ionization (SB2 and SB3) and indirect femtosecond ionization in the vicinity of an autoionizing resonance (SB1).
Attosecond delays in nonresonant photoionization
We started by analyzing the direct photoionization dynamics, which occur on the attosecond time scale and are encoded in the relative phase between the different ATI peaks. These relative phases can be obtained by extracting the oscillation phases of the signals averaged over the bandwidth of each sideband, ϕ 2w ð EÞ. Neglecting the variations over the spectral width is equivalent to assuming that the photoionization process is strictly periodic from one laser cycle to the next. The spectral homogeneity of the sideband phases shown in Fig. 2D indicates that this assumption is reasonable for SB2 and SB3, but not for the resonant SB1, which is discussed later. This scheme is similar to the conventional RABBIT analysis (reconstruction of attosecond beatings by interference of two-photon transitions) (25) , here extended to the case of above-threshold ionization (26, 32) . Simulations presented in the SM validate the analogy between the two techniques.
Measuring the phase ϕ 2w ð EÞ is equivalent to measuring the time delay t that maximizes the signal of each sideband. This delay can be decomposed as the sum of three contributions that reflect the three steps of the sideband creation (35)
The ionization is triggered by absorption of light at a well-defined time (t light ). Next, the electron scatters in the molecular potential and acquires a delay t W -the Wigner delay (36). The electron also interacts with the weak IR field, which induces continuum-continuum transitions from the main ATI peaks to the sidebands, introducing an additional delay t cc . Whereas t light and t cc are induced by the measurement, t W is intrinsic to the probed system and is the physical quantity of interest. It represents the delay between an electron scattering in a given potential and in a reference potential, as introduced by Wigner in 1955 (36) .
To resolve the enantiosensitivity of Wigner delays, we turned to chiroptical measurements comparing the sideband oscillation phases for electrons emitted in the forward (f) versus backward (b) directions and extracting the difference
. This procedure naturally eliminates t light , which is strictly common to the forward and backward electrons. Further decoupling is achieved by using different combinations of linearly and circularly polarized light. The forward/backward (f/b) symmetry can be broken only by the chiral nature of the interaction-that is, if a circularly polarized light pulse is used. We can thus selectively break the f/b symmetry only in the ionization step by using a circularly polarized UV field and a linear IR field. In that case, Dt ). The results shown in Fig. 3A reveal that the differential f/b continuum-continuum induced delay is zero (within the 2-as accuracy of the present measurement). This means that the laser-induced transitions produce essentially the same delay on electrons emitted in the forward and backward directions, without any substantial sensitivity to the chiral character of the ionic potential. However, a weak influence of the chiral potential is still noticeable in this polarization configuration: The intensity of SB2 averaged over all UV-IR delays shows a f/b asymmetry (PECD) on the order of 0.5% (two times smaller than when the UV is circularly polarized).
To find signatures of chirality in the photoionization delays, we resolved the angular dependence of the photoionization dynamics (14, 37, 38) . We integrated the photoelectron signal in slices of 10°around different ejection angles a from the polarization plane of the light and then measured the associated delays (Dt cc f/b ). The results for SB2 are shown in Fig. 3B . For electrons emitted beyond 70°, the signal was too low to extract reliable values. A weak but nonzero Dt cc f/b is measured when electrons are ejected close to the polarization plane of the IR laser, reaching 5 ± 2 as at a = 25°. This delay tends to vanish for higher ejection angles, but the error bars become larger because of the lower level of signal. Measurements on SB3 show a zero delay, regardless of the ejection angle (see SM). In the commonly accepted intuitive picture of multicolor photoionization, the linear UV field induces bound-free transitions starting from the molecular core region, and the IR field subsequently drives continuumcontinuum transitions while the electron is escaping from the core region. The continuum-continuum transitions are thus rather insensitive to the details of the molecular potential. This interpretation was recently confirmed by the observation of a zero continuumcontinuum delay between electrons escaping the two sides of an oriented asymmetric molecule in theoretical calculations (17) . The zero overall delay we measured between forward and backward electrons on SB2 and SB3 is consistent with this picture. Nevertheless, the angle-resolved measurements demonstrate that the continuum-continuum transitions can be slightly influenced by the core (chiral) region of the potential. Second, we broke the f/b symmetry in the ionization step by switching the polarization state of the ionizing UV field to circular while using a linearly polarized IR field. In this case, the photoionization process is intrinsically f/b asymmetric, whereas the continuumcontinuum coupling is f/b symmetric:
. The magnitude of the temporally averaged PECD on SB2 was larger than in the previous configuration, reaching 1%. The measurements (Fig. 3C) show a differential delay of Dt W f/b = 7 ± 2 as for the second sideband (SB2). Our experiment is thus able to reveal a small f/b asymmetry in the Wigner delay in the photoionization of chiral molecules by circularly polarized light. The Dt f/b vanishes for SB3 because of the decrease of both the f/b asymmetric character of the photoionization and the absolute Wigner time delay with increasing photoelectron kinetic energy.
The evolution of the differential Wigner delays with photoelectron ejection angle are shown in Fig. 3D . Close to a = 0°, Dt W f/b is null, which is not surprising because the PECD also vanishes in the laser polarization plane. For electrons emitted in the 60°-to-70°slice, Dt W f/b reaches 24 as. This angle-resolved analysis shows that although the average difference between forward and backward electron ionization times is only 7 as, it strongly varies with ejection angle and can reach higher values for electrons emitted away from the laser polarization plane. Repeating this analysis for SB3 shows that the differential Wigner time delay remains zero within the error bars for all photoelectron ejection angles (see SM). By accessing the angular dependence of the emission time, our measurements give access to the phase properties of the photoionization matrix elements. The determination of the underlying scattering phase shifts has been a long-standing quest of photoionization experiments, and our results show that their energy derivatives (i.e., the Wigner delays) are accessible with high accuracy through the use of a relatively simple setup.
The differential Wigner delay is a signature of the asymmetric scattering process at the heart of the photoelectron circular dichroism phenomenon. Wigner delays are determined by the energy derivative of the scattering phase. We performed a theoretical analysis of the photoionization of camphor molecules (see SM for details about the theoretical model). Our calculations confirm the existence of asymmetric Wigner delays, even in a randomly oriented ensemble of molecules. The theoretical f/b differential Wigner delay Dt W f/b is on the order of 5 as for 2-eV electrons, in agreement with the present experimental observation. The evolution of Dt W f/b with respect to the photoelectron energy, shown in the SM, reveals rich spectroscopic features that are not visible in the photoelectron spectrum and cannot be easily distinguished in the PECD signal. Thus, Dt W f/b is a sensitive chiral observable, which enables tracking of subtle features of the molecular potential (such as the differential Cooper minima) that survive molecular orientation averaging (see SM). This observation opens prospects for highly sensitive experimentsfor instance, through molecular-frame measurements (39)-as well as accurate testing of advanced quantum theories of molecular photoionization.
The differential f/b analysis and the control of the chiral symmetry-breaking of the interaction enabled us to fully decouple the different components of the photoionization delays, without the need for any theoretical input, and to reveal a tiny but measurable delay in the direct photoionization. We proceeded to use photoelectron interferometry to extract more complex dynamics occurring when the chiral molecules are photoionized in the vicinity of an autoionizing resonance.
Resonant photoionization
Continuum resonances play an essential role in the photoionization of most polyatomic molecules. They can arise from the shape of the molecular potential, in a single-electron picture (shape resonances) (40), or from multielectron dynamics involving electron correlations and couplings between different channels (19) . In both cases, spectrally localized scattering phase jump(s) are expected, reflecting the modification of the ionization dynamics. For instance, in chiral molecules, the PECD was recently shown to be enhanced in the vicinity of a Fano resonance (41) . We used the photoelectron interferometry technique to directly track the asymmetric ionization dynamics of chiral molecules in the vicinity of an autoionization resonance.
As shown in Fig. 2D , SB1 presents a sharp p-phase jump around 1.9 eV, which reflects the presence of a resonance on the first ATI peak. We resolved this phase jump in the forward (blue, ϕ f ) and backward (red, ϕ b ) directions, using circularly polarized UV (Fig. 4A) or IR (Fig. 4C) light. When the UV light is circularly polarized, the spectral phase exhibits a weak ∼0.75-rad bump centered around 2.1 eV. A notable difference was observed between the forward and backward spectral phases. This differenceðDϕ f=b ¼ ϕ f À ϕ b Þ (Fig. 4B) shows a good mirroring between the two enantiomers.
The case where the f/b symmetry is broken by the weak IR pulse (linear UV and circular IR) is more intriguing. The spectral phases show a steep ∼p jump around 1.9 eV, in opposite directions for forward and backward electrons. After the jump, the phases become nearly identical, as they are separated by ∼2p (Fig. 4C) . The f/b differential phases ðDϕ f=b Þ obtained in the two enantiomers are almost exactly opposite (Fig. 4D) . To a first approximation, the presence of this huge asymmetry is unexpected. The circularly polarized field acts during the continuum-continuum transitions, which should be affected mostly by the longrange (nonchiral) part of the molecular potential and should, therefore, be f/b symmetric (17) . Our measurement demonstrates that in the vicinity Beaulieu of a resonance, the f/b symmetry can also be broken during the continuum-continuum transitions. This finding is in agreement with a recent theoretical investigation of photoelectron interferometry, which demonstrated that the simple separation of the measured delay (t), in a sum of the contributions from Wigner (t W ) and continuumcontinuum (t cc ) delays, no longer held in the presence of a resonance (42) . Argenti et al. demonstrated that t W and t cc are entangled in resonant photoionization. The measured delay (t) is representative of the two-color photoionization process, and our results show that the circular polarization of the weak IR field is sufficient to induce a major symmetry-breaking, in the presence of a resonance.
Asymmetric electron wave packets
We could retrieve the temporal profiles of the two-color forward and backward wave packets by Fourier-transforming their measured spectral amplitudes and phases. To extract the angular dependence of these temporal profiles, we analyzed the oscillations of SB1 as a function of the electron ejection angle (a), as done previously in the nonresonant case (see raw data in SM). Figure 5 shows the resulting angle-resolved wave packets in the temporal domain. In both polarization configurations, the wave packet shows a single temporal peak when the electrons are ejected close to the propagation axis of the light (90°) and a double-peak structure when the electrons are ejected near the laser polarization plane (0°). The latter are signatures of the temporal interference between the direct nonresonant and the resonant components of the autoionizing wave packets (22) . The effect of the resonance appears more confined around the laser polarization direction when the UV field is linearly polarized (Fig. 5B) , probably because of a stronger anisotropy of the resonant excitation compared with the circularly polarized case.
The chiral nature of the photoionization process can be investigated by comparing cuts of the temporal profile of electrons ejected at positive (forward, blue) and negative (backward, red) angles (a) (Fig. 5) . When the UV field is circularly polarized, the two bumps of the forward electron wave packet emitted around 30°maximize ∼400 as after the backward wave packet (Fig. 5A) . A similar delay is measured around 60°, where the wave packet shows a single-peak structure. As the ejection angle further increases, the ordering between forward and backward emission reverses, with a ∼−250-as delay around 80°. These subtle features obey chiral inversion when switching from one enantiomer to the other, as shown in the SM. In the other polarization configuration (Fig.  5B) , the two bumps from the forward and backward wave packets are synchronized in time for electrons ejected close to the laser polarization plane (a = 0°). However, their relative yield is strongly f/b asymmetric. This means that in the vicinity of resonances, where t W and t cc are entangled (42) , the perturbative IR pulse can be used to break the f/b symmetry and to subsequently tailor asymmetric electronic wave packets, both in time and space. At larger emission angles, where the dynamics are governed by a single nonresonant pathway, the single-peak wave packets become f/b symmetric. This analysis provides a deep insight into the angular dependence of the multielectron dynamics governing autoionization.
Comparison of the two polarization configurations used in the measurements (Fig. 5 ) reveals that the wave packet asymmetry is much stronger when the weak IR field is circularly polarized. We attribute this result to the sequential nature of the resonant photoionization process. The linearly polarized UV photons populate a quasibound state embedded in the continuum, which can relax by ionization, releasing electrons at the energy of the first ATI peak (autoionization) (Fig. 2C) . However, another process could lead to ionization of the quasi-bound state: the absorption of one IR photon releasing an electron with the energy of the first sideband. This can be seen as a classic PECD experiment, starting from a highly excited quasi-bound state. Recent experiments showed that PECD could be observed when bound states excited by linear photons were ionized by circularly polarized photons (5) . The present scheme extends this scenario to quasibound states. On the other hand, when the UV photons are circularly polarized, they can induce an asymmetric wave packet in the excited states, a phenomenon called photoexcitation circular dichroism (43) . The ionization of such a wave packet by linearly polarized light produces f/b asymmetries, but they were observed to be weaker than the PECD from excited states. This could explain why we observe a weaker wave packet asymmetry when the IR photons are linearly polarized.
Time-frequency analysis
The temporal profile of the wave packets only provides spectrally integrated information about the rich ongoing dynamics. The spectral origin of temporal asymmetries can be revealed via a time-frequency analysis (44) . The Wigner-Ville distribution (WVD) is particularly noteworthy because it encodes the quantum interference between different components of a wave packet. For a wave function Y(t), the WVD [W(W, t)] is defined as
where W is the angular frequency, t is the time, and i is the imaginary unit. Figure 6 shows the WVD of the electron wave functions emitted around a = +10°[forward, Y f (t)] and a = −10°[ backward, Y b (t)] from the laser polarization plane. The distributions were calculated by averaging the wave packet from (1R)-(+)-camphor and the mirrored wave packet from (1S)-(−)-camphor. A strong negative lobe is present around time t = 0 at the energy of the resonance (1.9 eV), revealing the quantum interference between the direct and indirect ionization components. Hyperbolic fringes converging to the energy of the resonance are observed in the leading or falling edge of the distribution, depending on the f/b emission direction. The asymmetry of these fringes reflects an asymmetric destructive interference between wave packet components. To isolate the asymmetric part of the wave function, we calculated the WVD of the differential wave function DY f/b (t) = Y f (t) − Y b (t) (Fig. 6C) . It is strikingly simple, with a temporally long and spectrally narrow signal at the energy of the resonance and almost no negative components. We conclude that although the forward and backward wave packets are each formed by the coherent superposition of a resonant and a nonresonant contribution, the chiral character of the wave packet appears to be strongly dominated by a single resonant pathway, which leads to the disappearance of the signature of quantum mechanical interference in the WVD. The WVD thus provides insight into the origin of the asymmetric shaping of photoelectron wave packets during resonant photoionization of chiral molecules.
Conclusions and perspectives
Our results show that using circularly polarized photons to drive photoionization of chiral molecules induces asymmetric delays in the photoemission, on both femtosecond and attosecond time scales. In direct nonresonant photoionization, the f/b asymmetry in the Wigner time delays are on the order of few attoseconds. In the vicinity of an autoionizing resonance driven by electronic correlation, we have found that the emitted two-color electron wave packet is strongly asymmetric, demonstrating the chiral character of this multielectronic effect. By using the synergies of molecular and light chirality in the vicinity of resonances, we demonstrated tailoring of the shape of the released electron wave packets, both in time and space, which is a new scheme for multidimensional attosecond quantum control. The high accuracy of the measurements can also be used as a powerful benchmarking tool for quantum theories of molecular photoionization. Finally, our approach could be generalized to a broad variety of systems to shed light on the ultrafast symmetry-breakings, which are at the heart of very recent technological and scientific breakthroughs, such as in superconducting chiral nanotubes (45) and chiral spintronics devices (46) .
